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APSTRACT 


Previous  reports  have  presented  measurements  of  water  vapor 
absorption  coefficients  for  those  CO  laser  li^es  which  are  least 
attenuated  by  the  atmosphere.  This  report  qives  measurements  for 
two  CO  laser  lines  [1837.436  crH ,  11-10  P (12 )  and  1872.236  cnr\ 

9-8  P( 16 )]  which  are  highly  attenuated  by  water  vapor.  Althouqh  the^e 
CO  lines  are  not  likely  to  be  useful  in  systems  which  transmit  through 
the  atmosphere  the  results  are  important  nevertheless  as  is  discussed 
in  the  report. 
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I  INTRODUCTION 

Previous  reports[3,6]  have  reported  the  search  fnr  thp  rn  i 

TABLE  I 

COMPUTED  ABSORPTION  COEFFICIENTS  AT  1837  43E  cm’1 
FOR  VARIOUS  CONDITIONS  AS  NOTED 
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c  measured  Rao  position 
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e  background  only 

f  bakcground  onl y 

g  one  H2O  line  only 

h  one  H2O  line  only 


Benedi ct  l^eldaKblesril^'rfr06  rputed  usin<>  the  talfee- 
lines  (Nos.  1  ,2  4  6  8-13  and  18  oTt  m  m0!t  hlt,hly  transmitting 
mentally  and  ^ted  Inference  [6]  0  StUd1ed  expe”- 

n oyo  report  presents  exDerimental  data  for  lines  28 
[18/3.236  cm-1  9-8  P(16)]  and  50  [1837.436  cm’?  11-10  P (12)]. 

absorption^cel  l^nd^he  User 'frr^l^0  “TV"6  traversal 

the  additional  data  is  useful  <n  further  ^^rof?hon®  techni0^s.  Also 
between  the  actual  ahsnmt-inn  ^  I*rther  devpl°P'm9  the  comoarison 
dieted  by  cC”«^S°^W^Mest!,0Se  “h1Ch  are  ^ 
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II.  COMPARISON  OF  CALCULATED  AND  MEASURED  ABSORPTION 
COEFFICIENTS  FOR  WATER  VAPOR-NITROGEN  MIXTURES  AT 
A  HIGHLY  ABSORBED  CO  LASER  FREQUENCY 
[1837.436  cm-1  11-10  P(12)] 

,,  inf rII»HfuiCCfate  water  vapor  absor»tion  coefficient  measurements 
at  infrared  laser  frequencies  are  currently  available.  Further 

measurements  made  by  different  workers  are  often  in  discoreenent  ThP 

takers  T  W3S  UndCrtaken  t0  ablorS'daU 

cell  and  different  experimental  methods  (mul ti traversal  White 

Finailv^hP  mlJ  ed^DeCtr°ph0ne)  can  yield  equivalent  results. 

.1  \y  .  measured  results  are  compared  to  "synthetic  spectrum" 

experimental  B^?di ct-Cal fee[, ]  line  La  {ablcT The 

n  P  aru  a1so  compared  with  those  obtained  by 

D.k.  Rice  using  yet  a  third  method.  y 

nf  rn  ,'Ile  ilaSer  freque"cy  selected  for  study  was  the  11-10  P(12)  line 
of  CO  which  was  assumed  to  have  a  frequency  of  1837.436  cm-1  This  fre¬ 
quency  was  computed  using  the  latest  molecular  constants  by  RaoT3l  The 
W  source  was  a  highly  stabilized  CO  ^aser  wlS  grJtinglfne sllect on 
which  was  designed  by  Dr.  Charles  Freed  of  MIT  Lincoln  Laboratory. 

Benedic^Ca'lfPp't^Mpc3  transmitttance  Plot  which  was  computed  using  the 

wore?  B0«9=  W."i  .5^xrT^SB-d.,nA^ 

strong  Tt  a^oxStliL^f  art^g 

influence  on  the  computed  transmittance.  For  this  reason  additional  data 

concerning  the  frequency  of  this  line  was  sought  frm  ProflssoJ  Sor51 

^  frequency  b*  1837.1854  cm-?  compared  to  the  value  J' 

with  both  Jhese  Ifllups  *enG?;ct:Cal fee  tables-  Calculations  were  made 
tn  noth  these  values  for  the  frequency  of  the  close  water  line  The 

remaining  line-data  was  unaltered.  Also  a  computation  was  made  with  this 

line  removed  to  obtain  a  value  for  the  background.  Table  I  lists  the 

shaped  °" ’  * Thc  computations  were  made  with  two  line 

shapes.  They  were  the  conventional  Lorentz  and  the  Ohio  State  University 
±  pe  aa  ^"fbed  *"  recent  report[6],  ThP  Ohio  Sme UnlvmUy 

that  this  ,enhfC6d  '-lnq  rtribution  but  U  can  be  seen  from  Table  I 
reoio^  This  ?c  ^  3  mI10r  effPCt  0P  the  calculated  results  in  this 
fnr^ the  hThM  !  ,n  c?ntrast  to  the  results  reported  in  Reference  [6] 
for  the  highly  transmitting  CO  lines  where  the  line  shape  had  a  large 

JfT0?tthe  calculated  absorption  coefficients.  FroiAhe  entries  in 

[ion  at  837a4366rm-in-  dt  appr°xiniately  75%  of  the  calculated  absorp- 
cm-1  with^nl436  •  1S,:?Sed  by  the  single  water  line  at  1837.185 

1  7L^si:"nr^e^,CaUSed  by  the  0th-  Wat-  "nes  within  25 


cm 

cm 
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Two  experiments  were  then  performed  to  see  if  these  calculated 
results  could  be  confirmed.  One  used  a  mu1 ti -traversal  absorption  cell 
and  the  other  used  a  laser  irradiated  spectrophone  technique.  The  first 
experiment  used  a  Perkin-Elmer  model  1 93  one  meter  White  ceil  set  for 
12  traversals,  i.e.,  a  path  length  of  12  meters.  The  water  vapor 
pressure  was  measured  using  a  Cambridge  Systems  model  880  condensation 
type  dew  point  hygrometer.  The  hygrometer  had  previously  been  calibrated 
by  comparison  to  measurements  made  with  a  mercury  micro-manometer.  The 
complete  calibration  procedure  is  described  in  a  separate  Reference  [7j. 
During  the  experiment  the  sensor  head  of  the  hygrometer  was  in  series 
with  a  small  pump  and  the  absorption  cell.  The  pumo  maintained  the 
proper  flow  rate  to  the  sensor  head  and  a’so  aided  in  mixing  the  water 
vapor-nitrogen  sample  in  the  absorption  cell.  The  laser  radiation  was 
detected  with  Eppley  thermopiles  which  were  connected  to  amplifiers  and 
an  XDS-920  laboratory  computer.  Figure  2  is  a  schematic  diagram  of  the 
experimental  arrangement.  A  similar  measurement  system  has  been  described 
in  detail  in  an  earlier  report[6].  The  total  pressure  in  the  absorption 
cell  was  measured  using  a  one  meter  Hg  manometer.  The  eciuipment  was 
arranged  so  that  the  room  air  path  lengths  from  chopper  to  reference 
detector  and  from  chopper  to  siqnal  detector  were  equal  to  within  one 
centimeter  in  order  to  reduce  effects  of  room  air  humidity  changes  on 
the  results. 

The  cell  was  first  evacuated  and  the  background  ratio  of  signal 
voltage  to  reference  voltage  was  measured.  Water  vapor  was  then  admitted 
to  the  cell.  The  signal  to  reference  ratio  was  monitored  until  the  trans¬ 
mittance  with  pure  water  vapor  was  aoproximately  60%.  From  previous 
runs  it  was  known  that  this  would  be  equivalent  to  15-16  torr  water 
vapor.  Filling  the  cell  with  water  vapor  took  approximately  5  minutes. 

Dry  nitrogen  was  then  admitted  to  the  cell  until  a  total  pressure  of 
760  torr  was  reached.  Next  the  hyqrometer  pumo  was  turned  on  and  the 
mixture  was  allowed  to  circulate  past  the  sensor  head  for  about  fifteen 
minutes.  For  at  least  the  last  five  minutes  of  that  period  the  dew 
point  temperatura  wa  observed  to  remain  constant.  After  the  15  minute 
period  the  dew  point  temperature  was  recorded,  the  pump  was  turned  off, 
and  the  signal  to  reference  ratio  was  measured.  Then  a  portion  of  the 
sample  was  pumped  out  of  the  cell  and  the  cell  was  again  filled  to  760 
torr  with  dry  nitrogen.  Then  the  dew  point  sensor  pump  was  again  turned 
on  and  after  fifteen  minutes  the  dew  point  of  the  new  sample  and  the 
signal  to  reference  ratio  were  recorded.  Thi.~  procedure  was  repeated 
in  order  to  obtair  points  on  a  curve  of  absorption  coefficient  versus 
water  ‘‘apor  pressure.  The  entire  experiment  took  about  four  hours  to 
complete. 

Figure  3  and  Table  II  show  the  experimental  results  of  both  this 
experiment  and  those  obtained  with  the  spectrophone.  A  total  of 
thirteen  points  were  obtained  with  the  White  cell,  five  on  30  March  1973 
and  eight  on  1  April  1973.  An  addit  onal  eiqht  points  were  obtained 
with  the  spectrophone. 
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Hg.  ?.  Schematic  diagram  of  the  White  cell 


experiment. 


ABSORPTION  COEFFICIENT  (km-1) 


Fig.  3.  Measured  and  calculated  data  for  water  vapor 
absorption  coefficient  at  1837.436  cm-1. 
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TABLE  II 

COMI'AR  I  '.ON  01  LAI  rill  ATI  I)  AND  MEASURED  ABSORPTION  COIEEICIENTS  AT 
1  »'J>/.43C  air1.  SI  I  II  XT  FOR  DISCUSSION  Of  CALCULATED  RESULTS 


p 

k 
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43.5 

12B 
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46.1 

2.5 

4.6 

57.9 

S 

57.5 
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.7 

5.4 

64.2 

1 2A 

67.6 

73.6 

5.3 

5.5 

69.6 

12B 

68.9 

75 

1. 

6.9 

86.1 

S 

86.8 

94.4 

.8 

7.3 

90.1 

1 2  B 

91  .9 

100. 

2. 

7.8 

93.4 

1 2  A 

98.3 

107. 

5.2 

9.6 

120.1 

12B 

121.6 

132.3 

1  .2 

10.2 

125 

12A 

129.4 

140.8 

3.5 

10.5 

129 

S 

133.3 

145. 

3.3 

12.4 

157.4 

12B 

158.1 

172. 

1 

13.2 

164 

12A 

168.7 

183.6 

2.9 

14.9 

189.2 

12B 

191  .2 

208. 

1.1 

15.7 

193 

5 

201  .9 

219.7 

4.6 

16. 

199 

12A 

205.9 

224. 

3.5 

Code : 

12  Meter  Cel  I , 

30  March 

1973  -  12A 

12  Meter  Cell,  1  April  1 973  -  12B 
Spectrophone,  -  S 


nr  fh  Additjonal  discussion  of  the  results  is  given  after  a  discussion 
cf  the  spectrophone  eqi  lpment. 

Recent  investigations  at  The  Ohio  State  Uni ve-sity[8]  have  shown 
tnat  a  laser  irradiated  spectrophone  of  simple  construction  can  provide 
accurate  measurements  of  infrared  absorption  coeff , cients .  Althouqh 
this  method  has  received  most  attention  with  resoect  to  the  measurement 
r  :  *bT?tl0n  c°efficients  it  is,  of  course,  equally  useful  in 

inwn^Ic  k  f l  lar9p  absorotion.  An  adequate  pressure  signal  always 
involves  both  the  jbsorption  and  the  available  laser  power.  In  the 
present  ease  the  available  laser  power  was  50  mW  and  it  was  found  possib 

to  easily  measure  .he  smallest  absorntion  coefficients  which  were  en- 

countered . 
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Figure  4  shows  a  diagram  of  the  spectrophone  equipment.  The 
spectrophone  cell  is  of  a  relatively  simple  design.  The  cell  consists 
of  a  43  cm  long  piece  of  1-1/2  inch  aluminum  round  bar  stock  which  has 
a  3/8  hole  bo.'ed  lengthwise.  The  end  windows  were  NaCl  flats  5  run  thick 
and  were  vacuum  sealed  with  0-rings.  A  side  port  near  the  center  allowed 
attachment  of  the  differential  pressure  sensor,  a  CGS  Datametri.s  model 
b23-15  capacitive  manometer  (Barocel).  This  device  is  not  as  sensitive 
as  some  microphone  sensors  which  have  been  used  in  spectrophone  work 
but  it  was  determined  that  the  lower  limit  of  absorption  detection  even 
with  one  watt  laser  power  was  due  to  the  false  pressure  signal  which 
arises  from  aosorption  at  the  end  windows  and  not  to  the  pressure  sensor 
sensitivity. 

Another  side  port  near  one  end  was  for  attaching  a  leak  valve  which 
allowed  an  equilibrium  pressure  to  be  obtained.  In  operation  the  leak 
valve  was  set  at  a  very  small  leak  rate  such  that  the  time  constant  of 
the  pressure  signal  was  many  times  longer  to  the  back  of  the  sensor  than 
to  the  front. 

The  vacuum  system  consisted  of  a  small  roughing  pump  and  an  8  e/S 
Vacion  pump.  A  pressure  of  2x1 0-6  torr  could  be" obtained.  All  lines 
were  made  of  metal  to  assure  that  the  system  would  remain  free  of  waver 
Heating  tape  wrapped  around  the  cell  provided  a  modest  bakeout  capability. 

Difficulty  was  encountered  with  adsorption  of  water  vapor  to  the 
walls  of  the  cell  which,  with  time,  reduced  the  partial  pressure  to  a 
lower  and  unknown  valu**.  To  alleviate  this  problem  the  arrangement 
shown  in  Fig.  4  was  used.  A  water  vapor-ni troqen  mixture  was  allowed 
to  flow  through  the  spectrophone  cell  in  series  with  a  small  reservoir 
tank,  a  circulation  pump,  a  flowmeter,  and  a  Cambridge  Systems  model 
880  dew  point  hygrometer.  After  allowing  the  mixture  to  circulate  for 
a  few  minutes  the  valves  to  the  cell  were  closed  and  a  measurement  of 
the  absorption  coefficient  taken.  The  partial  pressure  of  H2O  was 
computed  from  the  dew  point  just  as  in  the  mul ti -traversal  cell 
experiment.  The  system  was  first  filled  with  a  mixture  having  a  large 
concentration  of  water  vapor.  The  successive  measurements  were  taken 
by  partially  evacuating  the  system  and  refilling  to  760  torr  with  nitro¬ 
gen,  thus  reducing  the  partial  pressure  to  a  lower  value. 

The  BaFl2  lens  (f.l.  =  30  cm)  collimated  the  laser  beam  so  that 
it  did  not  cor  .act  the  spectrophone  cell  walls. 

The  quantities  measured  in  the  experiment  were  the  pressure  signal 
level  from  the  output  of  the  Barocel  (using  the  PAR  128)  and  the  laser 
power  level.  The  output  of  the  Barocel  is  1  volt  full  scale  for  any 
given  range.  The  range  chosen  was  one  that  was  high  enough  to  prevent 
excessive  dc  drift  due  to  ambient  temperature  fluctuations.  The  PAR 
then  detected  the  small  ac  pressure  signal  which  was  superimposed  on  the 
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PAR  ‘/COE!  123 


larger  dc  level.  The  absorption  coefficient  is  proportional  to  the  ratio 
of  the  pressure  signal  and  the  laser  power.  The  pressure  signal  is  also 
a  function  of  temperature  and  total  pressure  but  these  remained  unchanged 
during  the  set  of  measurements.  The  proportionality  constant  for  the 
absorption  coefficient  is  found  by  measuring  a  known  absorption  under 
conditions  similar  to  those  of  the  desired  mea  urement. 

In  reducing  the  spectrophone  data  a  background  signal  eouivalent 
to  an  absorption  coefficient  of  3.3  km"1  was  subtracted  frc..i  the  measured 
signal.  It  should  be  noted  that  the  background  signal  wo^d  have  been 
mailer  if  new  windows  had  been  used.  Also  when  the  absorption  ~oe"- 
f  cient  to  be  measureo  is  smaller  a  greater  laser  power  is  needed  in 
er  to  cl  tain  an  adequate  pressure  signal.  However,  thp  advantage 
gained  by  the  increased  laser  power  is  diminished  somewhat  bv  the  1  tree 
window  signal  at  the  higher  power. 

For  th-»s  experiment  the  known  absorbing  medium  was  a  mixture  of 
near  2  torr  ethylena  with  nitrogen  added  to  a  total  of  1  atmosphere. 

...c  small  partial  p'essure  of  ethylene  means  that  the  conductivity 
properties  of  the  ethylene-nitrogen  calibrating  gas  will  be  similar  to 
those  of  the  water  vapcr-nitrogen  mixture.  The  transmittance  through 
this  m.xture  at  the  line  of  interest  was  approximately  72%  as  measured 
in  -he  i 2  meter  White  cell  equipment  described  previously  This  level 
of  absorption  is  considered  to  be  an  accurate  region  for  measurements 
using  the  White  cell  technique. 

To  increase  conndence  in  the  knowledge  of  the  quantity  o* 
ethylene  in  the  mixtu  -es  *n  the  White  ^ell  and  the  spectrophone ‘  the 
same  ir:crome trie  manometer  ■  „s  used  to  measure  the  pressure  during  both 
filling  procedures.  It  is  noted  that  by  connecting  thf  White  call  and 
the  spectrophone  to  give  a  common  gas  mixture  the  ini  crvyie  trie  manometer 
would  not  even  be  required. 

1 1  r lay  appear  trivial  thst  the  results  of  the  measurements  of  water 
vaporising  the  two  techniques  w"»-e  so  similar  since  the  White  cell  was 
USe^VCa  lbra*f  the  sPectrophone.  However  the  main  point  of  suspicion 
in  the  White  cell  measurements  of  «ter  v-.n0r  has  been  that  this  qas  is 
not  well  behaved  under  many  circumstances.  In  particular  it  has  been 
suggested  that  condensation  on  the  White  cell  mirrors  at  high  concen¬ 
trations  m.ght  give  an  apparent  larger  absorption.  Since  ethylene  is 
not  expected  tj  ill  behave  in  this  manner  the  results  show  that  the 
suspected  condensation  of  water  vapor  does  not  occur  at  the  concen¬ 
trations  measured.  Furthermore  for  small  absorptions  the  spectroohon, 
ai recti y  determines  absorption  whereas  the  White  cell  measures  transmit¬ 
tance  oy  subtracting  nearly  equal  numbers  so  that  the  precision  of  the 
spectrophone  technique  is  greater.  Thus  the  best  method  for  determining 
small  water  vapor  absorption  coefficients  may  be  to  use  a  spectrophone 
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which  has  been  calibrated  using  another  gas  and  a  White  cell  pi  described 
here.  For  these  more  sensitive  measurements  wo  have  a  15  meter  White 
cell  with  path  lengths  up  to  one  Lm. 

Referring  igain  to  Table  II  and  rig.  3  it  is  seen  that  there  is 
'•  close  correspondence  between  the  water  vanor  absomtion  coefficients 
measure^  using  the  White  cell  and  the  spectrophone .  Also  the  "synthetic 
spectrum"  calculation  us-'ng  Loreitz  line  shaoe  and  conventionally 
accepted  values  for  the  various  calculation  parameters[4]  yields  a 
result  in  excellent  agreement  with  measurement.  Table  II  also  shows 
the  extent  of  the  inaccuracy  introduced  by  the  use  of  the  orioinal  value 
for  the  frequency  of  the  nearest  water  line. 

For  laser  frequencies  located  in  the  atmosoheric  windows  near 
5y  we  have  previously  shown  that  calculation  and  measurement  are  in 
substantial  disagreement^]  apparently  due  to  the  greater  ^mDortance 
of  line  shape  in  the  latter  calculation. 

In  Fig.  3  we  also  have  shown  the  measured  points  obtained  bv  Rice 
and  referred  to  in  the  introduction^].  We  conclude  that  th«se  results, 
wh-Cii  havj  considerable  scatter,  are  probably  less  accurate.  are 
no*  in  a  position  to  assess  the  most  probable  reason  but  could  speculate 
that  it  may  involve  the  short  path  length  (1  neter)  or  the  water  vapor 
measurement  method  which  Rice  used.  For  8  tor.'  pressure  Rice  measured 
k  =  60  km- i  or  a  transmittance  of  94"  on  a  me  meter  path  whereas  we 
measured  k  =  100  km-1  on  a  12  meter  path  or  a  transmittance  of  30%. 


III.  EXPERIMENTAL  AND  CALCU.  4TED  RESULTS  FOR  THE 

9-8  P ( 1 6 )  CO  Line  [1872.236  cm-1]. 

The  Freed  CO  laser  which  was  used  for  these  studies  is  unable 
to  resolve  some  of  the  more  closely  spaced  lines.  In  some  cases  one 
of  the  line  pairs  may  be  enhanced  by  proper  setting  of  the  grating 
and  the  piezoelectric  end  mirror  position  \oltaqe.  An  external  etalon 
would  have  been  useful  but  was  not  available 

This  secti-jn  presents  data  obtained  foi  one  of  the  blended  line 
pairs.  In  th’s  case  measurement  with  a  high  resolution  spectrometer 
was  used  to  determine  thut  96%  of  the  laser  power  was  on  the  9-8  P(13) 
line  at  1872.236  cm"'  while  the  remaining  4%  was  on  the  10-9  P ( 1 0 ' 
line  at  1870.620  cm-  . 

Figure  5  shows  the  computed  wat°r  v^oor  absorption  spectrum  for 
this  region.  The  water  vapor  pressure  wac  2  ?  torr,  the  path  length 
12  meters,  and  the  total  pressure  760  torr.  A  Lurentz  line  shape  was 
used.  It  is  seen  that  the  1872.236  cm“^  line  is  in  a  transmission 
window  in  that  it  is  located  several  line  widths  from  the  nearest 
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absorption  line.  However,  the  predicted  absorption  coefficient  is 
2.6  times  as  large  as  the  most  highly  absorbing  line  reported  in  Table 
I  of  Reference  [6].  It  was  decided  to  conduct  the  measurement  to  see 
whether  the  pattern  observed  for  the  highly  transmitting  window  lines 
would  be  observed  here  also.  In  those  cases  the  calculated  absorption 
coefficient  using  the  Lorentz  line  shape  was  low  by  as  much  as  50%. 


Figure  6  shows  the  experimental  data.  The  absorption  of  laser 
energy  when  the  power  is  distributed  between  several  frequencies  car 
be  described  by 


(1) 


T  = 


l 


N 

(2)  k  =  [  P  k( 

c  i=l  1  1 


where  k-j  is  the  absorption  coefficient  at  frequency  v-j  and  the  fraction 
of  the  total  laser  power  at  frequency  vj  is  P-j .  The  composite  coef¬ 
ficient  is  kc.  Using  this  approach  the  composite  absorption  'oefficient 
was  computed  using  a  Lorentz  line  shape  and  also  using  the  j  reviously 
discussrd  "Ohio  State  University  shape"[6].  Both  results  are  shown  in 
Fig.  6  No  attempt  was  made  to  adjust  the  parameters  in  the  OSU  line 
shape  in  order  to  improve  the  agreement. 

The  results  are  consistent  with  those  previously  reported  for 
more  highly  transmitting  lines[6]. 
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Fig.  6.  Experimental  absorption  coefficients  for  1872.236  cm 
CO  laser  line  compared  with  computed  values. 
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